Interactions between calcium-activated chloride channel anoctamin 1 (ANO1) and transient receptor potential vanilloid 1 (TRPV1) enhance pain sensations in mice, suggesting that ANO1 inhibition could have analgesic effects. Here we show that menthol and the menthol analogue isopropylcyclohexane (iPr-CyH) inhibited ANO1 channels in mice. The iPr-CyH derivative 4-isopropylcyclohexanol (4-iPrCyH-OH) inhibited mouse ANO1 currents more potently than iPr-CyH. Moreover, 4-iPr-CyH-OH inhibited the activities of TRPV1, TRP ankyrin 1 (TRPA1), TRP melastatin 8 (TRPM8) and TRPV4. Singlechannel analysis revealed that 4-iPr-CyH-OH reduced TRPV1 and TRPA1 current open-times without affecting unitary amplitude or closed-time, suggesting that it affected gating rather than blocking the channel pore. The ability of 4-iPr-CyH-OH to inhibit action potential generation and reduce pain-related behaviors induced by capsaicin in mice suggests that 4-iPr-CyH-OH could have analgesic applications. Thus, 4-iPr-CyH-OH is a promising base chemical to develop novel analgesics that target ANO1 and TRP channels.
Interactions between calcium-activated chloride channel anoctamin 1 (ANO1) and transient receptor potential vanilloid 1 (TRPV1) enhance pain sensations in mice, suggesting that ANO1 inhibition could have analgesic effects. Here we show that menthol and the menthol analogue isopropylcyclohexane (iPr-CyH) inhibited ANO1 channels in mice. The iPr-CyH derivative 4-isopropylcyclohexanol (4-iPrCyH-OH) inhibited mouse ANO1 currents more potently than iPr-CyH. Moreover, 4-iPr-CyH-OH inhibited the activities of TRPV1, TRP ankyrin 1 (TRPA1), TRP melastatin 8 (TRPM8) and TRPV4. Singlechannel analysis revealed that 4-iPr-CyH-OH reduced TRPV1 and TRPA1 current open-times without affecting unitary amplitude or closed-time, suggesting that it affected gating rather than blocking the channel pore. The ability of 4-iPr-CyH-OH to inhibit action potential generation and reduce pain-related behaviors induced by capsaicin in mice suggests that 4-iPr-CyH-OH could have analgesic applications. Thus, 4-iPr-CyH-OH is a promising base chemical to develop novel analgesics that target ANO1 and TRP channels.
Several transient receptor potential (TRP) channels play important roles in the sensory nervous system. These channels include TRP vanilloid 1 (TRPV1), TRP ankyrin 1 (TRPA1), TRP melastatin 8 (TRPM8) and TRPV4, which are all crucial for sensing naturally occurring substances [1] [2] [3] [4] . In particular, TRPV1 and TRPA1 can be activated by various nociceptive stimuli. TRPV1 is activated by capsaicin, allicin, resiniferatoxin, allyl-isothiocyanate (AITC), noxious heat, acid and tarantula toxins, whereas TRPA1 is activated by isothiocyanates (e.g., AITC), allicin, diallyl disulfide, cinnamaldehyde, methyl salicylate, alkaline, hydrogen sulfide, acrolein, ozone, ammonia, formalin, disulfiram and glibenclamide [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although TRP channels were cloned some time ago and their inhibition would be a clear strategy for pain reduction, no clinical channel antagonists are available, in part because specifically antagonizing these channels can have potentially serious side effects. For instance, a TRPV1 antagonist, AMG 517, induces hyperthermia reaching 38 °C for 12 hr after administration in human (ref. 16 ). Recent reports showed that the calcium-activated chloride channel anoctamin 1 (ANO1, also known as TMEM16A), which is co-expressed with TRPV1 in dorsal root ganglia (DRG) neurons, is activated by calcium released from the endoplasmic reticulum and is sensitive to rapid noxious heating, thus making ANO1 another key factor in nociception [17] [18] [19] [20] [21] . Mice having conditional knock out or knock down of ANO1 expression in DRG neurons showed a reduction in pain-related behaviors induced by heat or bradykinin 20, 21 . Local increases in intracellular calcium are important for ANO1 activation and downstream events, such as the functional and physical interaction between ANO1 and inositol trisphosphate receptors following activation of Gq-protein coupled receptors 18, 22 global increases in calcium are also likely to be involved in ANO1 activation and mediate its interactions 22, 23 . In addition, we recently reported that local calcium influx through the membrane ion channel TRPV1 activated ANO1 within a physical complex, and this activation was followed by pain enhancement through additional depolarization resulting from TRPV1/ANO1 interactions 24 . We also showed that a known ANO1 inhibitor reduced TRPV1-mediated pain-related behaviors in mice 24 . These results suggest that the apparent inward currents evoked by capsaicin in mouse sensory neurons have two components: TRPV1-mediated cationic inward currents and ANO1-mediated outward chloride currents, both of which contribute to the depolarization needed to generate action potentials. Thus, the development of ANO1 antagonists could lead to promising new methods for reducing pain sensations. In this study, we found that menthol inhibited ANO1 currents evoked by calcium. Menthol has long been used to treat pain 25, 26 , and is a frequent additive in both cosmetics and processed foods for its cooling properties. Menthol is also an agonist for TRPM8, which is expressed in various tissues, including primary sensory neurons 3, 27 . Furthermore, TRPM8-expressing afferent neurons were reported to inhibit a neural network involved in heat and/or mechanical nociception in neuropathic conditions 28, 29 . Although menthol induces a cool sensation through excitation of TRPM8-expressing DRG neurons, the pharmacological effects of menthol are not specific to TRPM8. For instance, menthol also activates TRPA1 and TRPV3 (refs 30 and 31) . On the other hand, menthol inhibits AITC-induced activation of human TRPA1 through a serine and a threonine residue in TRPA1 transmembrane helix 5 (ref. 30) . Menthol also inhibits human TRPV1 activation by capsaicin 32 , whereas rat TRPV1 was not affected 33 . The results of these previous studies explain both the analgesic and proalgesic effects of menthol. Here, we attempted to find the basic chemical structure for menthol-mediated ANO1 inhibition and identified a novel analgesic compound, 4-isopropylcyclohexanol (4-iPr-CyH-OH), which acts on ANO1, TRPV1, TRPA1, TRPM8 and TRPV4.
Results
Pharmacological interactions between TRP channels and ANO1. We previously reported functional interactions between TRP channels (TRPV4, TRPV1 and TRPA1) and ANO1 in mice 24, 34 . In screens for other interactions of TRP channels with ANO1 in HEK293T cells, we found that 1 mM l-menthol, 500 μ M carvacrol and 3 mM 2-aminoethoxydiphenylborane (2-APB) inhibited mouse ANO1 (mANO1) currents induced by 100 nM free calcium (Fig. 1a-c) . We focused on the mechanism of menthol-induced inhibition because we can compare the inhibitory effects with different menthol analogues. mANO1 activation reached saturation with 500 nM free intracellular calcium ( Supplementary Fig. 1 ), although the values varied among previous reports 18, 35 . Given these discrepancies, we first characterized the effects of menthol on mANO1 at 500 nM calcium. We found that 3 mM l-menthol, which also has agonist effects on TRPM8, almost completely inhibited mANO1 currents with half-maximal inhibitory concentrations (IC 50 ) of 441 μ M and 1.07 mM at − 60 mV and + 60 mV, respectively (Fig. 1d) .
To identify chemicals that had a greater capacity to inhibit ANO1, we examined several menthol analogues in assays involving the application of voltage-step pulses (from 0 mV to − 60 mV for 500 ms) every 12 sec over 5 min. The mANO1 currents were almost completely inhibited by 3 mM l-menthol, l-menthone or 1,4-cineole, but not by 1,8-cineole (Fig. 1e,f) . The l-menthol effect was the most rapid among the 3 compounds, whereas l-menthone and 1,4-cineole were difficult to washout. We inferred the active entity of the smallest structure in menthol based on these differences between the analogues.
Identification of the core structure for inhibition of ANO1 by menthol. We next attempted to identify the core structure in menthol that promotes ANO1 inhibition. Based on the structural differences between l-menthol, l-menthone, 1,4-cineole and 1,8-cineole, we focused on the isopropyl group, since the effect of 1,8-cineole was smaller than that of the other three compounds (Fig. 1f) . We also examined the effects of d-menthol because the mechanism of TRPM8 activation by l-and d-menthol were reportedly different 36 . However, we saw no difference in the effects of the two isomers on mANO1 (Figs 1f and 2b). We observed that isopropylcyclohexane (iPr-CyH) strongly inhibited mANO1 currents to a similar degree as that seen for d-menthol although 2-propanol (2-PrOH) had no effect (Fig. 2a,b) . In contrast, other functional groups, including cyclohexanol (CyH-OH), 3-methylcyclohexanol (3-m-CyH-OH) and methylcyclohexane (m-CyH), showed little effect on mANO1 activity (Fig. 2c,d ). These results suggested that iPr-CyH is a key structure that confers inhibitory action toward mANO1.
Because the inhibitory effect of iPr-CyH was slower than that of menthol, we compared the hydrophilicity of the menthol analogues. The estimated octanol/water partition coefficient (K OW ) for iPr-CyH is higher than that of menthol (K OW = 4.54 and 3.14 for iPr-CyH and menthol, respectively, at pH 7.40) according to ACD/Labs (http:// www.acdlabs.com/products/percepta/predictors.php). Consistent with this notion, mANO1 currents were rapidly inhibited by 4-iPr-CyH-OH that has a low K OW value (2.77) and an IC 50 of 1.09 mM at − 60 mV ( Fig. 2e-g ). In contrast, 1-isopropyl-4-methylcyclohexane (1-iPr-4-m-CyH, K OW = 5.09) showed two inhibitory phases (rapid and slow), although it too completely inhibited ANO1 currents (Fig. 2f) . These results suggested two potentially important chemical determinants for mANO1 inhibition: the presence of an iPr-CyH group and its hydrophilicity, and that a hydroxyl group is not critically involved.
Effects of 4-iPr-CyH-OH on mouse TRPV1 and TRPA1. We recently described the inhibition of human TRPV1 (hTRPV1) by menthol, a mechanism that might also be related to menthol-induced anti-nociception 32 , and we found that menthol had similar effects on mTRPV1 ( Supplementary Fig. 2 ). Therefore, we investigated the effects of 4-iPr-CyH-OH on mTRPV1. Treatment of HEK293T cells expressing mTRPV1 with 3 mM 4-iPr-CyH-OH inhibited mTRPV1-mediated currents induced by 100 nM capsaicin (Fig. 3a) , and the currents recovered slightly after 4-iPr-CyH-OH washout. To investigate this inhibition mechanism, we analyzed single-channel currents in inside-out patch-clamp recordings at a − 60 mV pipette holding potential (membrane Scientific RepoRts | 7:43132 | DOI: 10.1038/srep43132 potential was + 60 mV). In these assays we detected 50 single channel events in the stable phase of channel activation and calculated the average values for amplitude, open-time and closed-time for each recording. The average single-channel open-time decreased, but neither single channel conductance nor closed-time was changed significantly in the presence of 4-iPr-CyH-OH (Fig. 3b-e) . These results indicated that 4-iPr-CyH-OH affects the gating of ion channels, but does not directly block the channel pore because the channel conductance was not affected by 4-iPr-CyH-OH. Meanwhile, mTRPA1 currents induced by 300 μ M AITC were also inhibited by 4-iPr-CyH-OH (Fig. 3f) , and its effects on single channel properties were similar to those for mTRPV1 wherein only the open-time was affected (Fig. 3g-j) . Thus, the inhibitory mechanism of 4-iPr-CyH-OH on both mTRPV1 and mTRPA1 appears to involve modification of channel gating. Since some TRP channel agonists exhibit bimodal effects, as was seen for menthol activation of TRPA1 and inhibition of AITC-mediated TRPA1 activation (ref. 37) , we also investigated the agonistic effects of 4-iPr-CyH-OH on mTRPV1 and mTRPA1 in whole-cell patch-clamp recordings. We calculated the current densities at − 60 mV, and observed no current activation of the two channels by 4-iPr-CyH-OH (0.03, 0.3 and 3 mM), although channel activity was induced by their respective agonists (Fig. 3k) . Together these results show that 4-iPr-CyH-OH had antagonistic effects on both mTRPV1 and mTRPA1 channels expressed in HEK293T cells.
Inhibition of pain sensation by 4-iPr-CyH-OH. The findings that 4-iPr-CyH-OH inhibited mTRPV1
and mTRPA1 activation without agonistic effects on these channels suggest that 4-iPr-CyH-OH could reduce pain sensation by inhibiting multiple TRP channels involved in pain generation. This effect would presumably not be accompanied by the irritation that typically results from TRPV1 or TRPA1 activation in mice. Therefore, we investigated whether 4-iPr-CyH-OH inhibits action potentials evoked by 1 μ M capsaicin in isolated small DRG neurons. We previously showed that the selective ANO1 inhibitor T16Ainh-A01 reduced action potential generation promoted by TRPV1-ANO1 interactions, although capsaicin-induced depolarization still occurred 24 . Here, 3 mM 4-iPr-CyH-OH not only strongly inhibited neuronal membrane depolarization, but also eliminated action potential generation (Fig. 4a-c) . This effect of 4-iPr-CyH-OH is probably due to its actions on both TRPV1 and ANO1, which again supports the possibility that 4-iPr-CyH-OH could have analgesic properties. Although capsaicin (1 μ M) caused some depolarization during a 60 sec application in the presence of 4-iPr-CyH-OH (Fig. 4a) , the depolarization was drastically inhibited compared to that seen in the absence of 4-iPr-CyH-OH (Fig. 4c) . Therefore, we performed a pain-related behavior test in mice that were subcutaneously injected with 300 μ M capsaicin with or without 3 mM 4-iPr-CyH-OH. Treatment with 4-iPr-CyH-OH indeed significantly reduced pain-related behaviors in vivo (Fig. 4d) , whereas 4-iPr-CyH-OH alone did not promote significant increases in pain-related behaviors (Fig. 4e) . These results suggested that 4-iPr-CyH-OH could be a candidate analgesic.
Effects of 4-iPr-CyH-OH on human ANO1, TRPV1 and TRPA1. The effects of individual antagonists could differ between mouse and human channels. For example, caffeine activates mTRPA1 but inhibits hTRPA1 (ref. 38) . Moreover, comparisons between mouse and human channels would be important when considering potential clinical applications of compounds. Therefore, we investigated the effects of 4-iPr-CyH-OH on human ANO1 (hANO1), hTRPV1 and hTRPA1. Similar to mANO1 (Fig. 2f) , hANO1 currents induced by 500 nM intracellular free calcium were inhibited by 3 mM 4-iPr-CyH-OH (Fig. 5a) . Both capsaicin (100 nM)-induced hTRPV1 currents and AITC (300 μ M)-induced hTRPA1 currents were also inhibited by 3 mM 4-iPr-CyH-OH (Fig. 5b,c) . Furthermore, as with mouse clones (Fig. 3k) , 4-iPr-CyH-OH did not activate hTRPV1 (Fig. 5d ), yet did slightly but significantly activate hTRPA1 (Fig. 5d) . This incomplete inhibition of hTRPA1 by 4-iPr-CyH-OH (Fig. 5c ) could be in part related to the small activation of hTRPA1 induced by 4-iPr-CyH-OH.
Effects of 4-iPr-CyH-OH on TRPM8 and TRPV4. TRPM8-expressing DRG neurons were reported to
show inhibition of pain sensation pathway in the spinal cord depending on TRPV1 activation 29 , which could explain the observed menthol-induced anti-nociception. Furthermore, TRPV4 in sensory neurons is also known to be involved in nociception [39] [40] [41] [42] [43] [44] . Therefore, we investigated the effects of 4-iPr-CyH-OH on mTRPM8, hTRPM8, mTRPV4 and hTRPV4. Interestingly, both l-menthol (500 μ M)-induced TRPM8 currents and GSK1016790A (GSK101, 300 nM)-induced TRPV4 currents were inhibited by concomitant administration of 3 mM 4-iPr-CyH-OH, whereas inhibition of TRPV4 currents by 4-iPr-CyH-OH was not recovered after washout (Fig. 6) . Additionally, TRPM8 and TRPV4 were not activated by 4-iPr-CyH-OH.
Discussion
In this study we found that menthol inhibited ANO1 channel activity. We also identified a novel analgesic mechanism for the menthol analogue 4-iPr-CyH-OH, which inhibited TRPV1, TRPA1, TRPM8, TRPV4 and ANO1, as well as mitigated capsaicin-induced pain-related behaviors in mice. Although our results suggest that 4-iPr-CyH-OH would have analgesic properties, they could be highly non-specific given that ANO1 is expressed in most epithelial cells. Nonetheless, 4-iPr-CyH-OH should provide a good foundation on which to develop novel analgesic agents, particularly because it could inhibit four major ion channels involved in nociception in primary afferent neurons. Moreover, the absence of an agonist effect for 4-iPr-CyH-OH on these five channels may reduce side effects and dosages. This possibility is supported by recent reports showing that the dual inhibitor of TRPV4 and TRPA1, compound 16-8, more effectively reduces TRPV4-related nociception in trigeminal ganglia compared with a single administration of the TRPV4 specific antagonist, GSK205 (ref. 45 ). As described above, systemic administration of ANO1 inhibitors might be unsuitable for analgesic purposes because ANO1 is expressed in most epithelial cells and is involved in various functions, including smooth muscle contraction 46 , mucin secretion 47, 48 and insulin release 49, 50 . Despite its weak activation of hTRPA1 (Fig. 5d ), 4-iPr-CyH-OH likely would not induce TRPA1-related pain sensation in humans at therapeutic doses. In addition, chemical modifications to 4-iPr-CyH-OH could be made that would reduce its effects on hTRPA1. Moreover, the ability of 4-iPr-CyH-OH to inhibit mouse and human ANO1, TRPV1, TRPA1 and TRPV4 channels is a promising feature for clinical applications because many TRP channel agonists are known to act promiscuously on different TRP channels.
The inside/out single-channel analyses revealed that 4-iPr-CyH-OH reduced capsaicin-induced TRPV1 and TRPA1 open-time induced by capsaicin and AITC, respectively, without affecting unitary conductance or closed-time. This result suggests that 4-iPr-CyH-OH affects channel gating. However, the tendency towards reductions in unitary amplitude in the presence of 4-iPr-CyH-OH and rapid recovery of TRPA1 currents by 4-iPr-CyH-OH washout in whole-cell recordings indicates that pore blocking of TRPV1 and TRPA1 may also be involved in 4-iPr-CyH-OH-mediated inhibition to some extent. The finding that 4-iPr-CyH-OH inhibited both cation (TRPV1, TRPA1, TRPM8 and TRPV4) and anion (ANO1) channels suggests the existence of a common structure that controls gating in both cation and anion channels, at least for TRPV1, TRPA1, TRPM8, TRPV4 and ANO1. However, we could not obtain single-channel recordings for ANO1 channels. Although the structures of TRPV1, TRPA1 and TMEM16 homologues were determined by cryo-EM single particle analysis or crystallography, they do not yet have sufficient resolution to allow us to define a structural basis for 4-iPr-CyH-OH inhibition of the three channels 51 . As the resolution improves, however, 4-iPr-CyH-OH modeling might be performed similarly to the structure-based approach used to design opioids with fewer side effects 52 . In addition, given that 4-iPr-CyH-OH inhibited the five different channels, future studies should characterize the structural basis for the inhibition, which could enhance our understanding of mechanisms involved in channel gating.
In conclusion, we propose that 4-iPr-CyH-OH is a key component for designing optimal analgesia agents that inhibit multiple ion channels involved in peripheral nociception. Chemicals. l-and d-menthol, capsaicin, 1,4-cineole, 1,8-cineole, isopropylcyclohexane (iPr-CyH) and cyclohexanol (CyH-OH) were purchased from Sigma-Aldrich (United States). 4-isopropylcyclohexanol (4-iPr-CyH-OH), methylcyclohexane (m-CyH), cis-3-methylcyclohexanol (3-m-CyH-OH) and cis-1-isopropyl -4-methylcyclohexane (1-m-4-iPr-CyH) were purchased from Tokyo Chemical Industry (Japan). Allyl isothiocyanate (AITC) and 2-propanol (2-PrOH) were purchased from Wako (Japan). The estimated values for the octanol/water partition coefficients were obtained from an online database (ChemSpider). Recordings were performed in an inside-out mode at − 60 mV holding potentials. Bath and pipette solutions contained 140 mM NaCl, 5 mM EGTA, 10 mM glucose and 10 mM HEPES, pH 7.40, adjusted with NaOH. Fifty events were continuously detected during the stable phase of channel activation induced by capsaicin (50 nM) or AITC (10 μ M). Single channel amplitude, opening times and closing times were measured using Clampfit 10. One mM and 100 μ M 4-iPr-CyH-OH were used for experiments involving TRPV1 and TRPA1, respectively. Gauss fittings were performed with Origin Pro 2015 J (OriginLab, United States). Between 6 and 8 trials were performed for each experiment.
Whole
Whole-cell current-clamp recordings in DRG neurons. Data were collected from small DRG neurons (< 24 μ m) isolated by the same protocol as previously reported 24 . The bath solution contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose and 10 mM HEPES, pH 7.40, adjusted with NaOH. The pipette solution contained 67 mM KCl, 65 mM K-gluconate, 1 mM MgCl 2 , 5 mM EGTA, 4 mM ATP-Mg, 1 mM GTP-Na 2 and 10 mM HEPES, pH 7.30, adjusted with KOH. Free calcium was maintained at 100 nM. Basal voltages were maintained around − 50 mV by current injection. Five trials were performed for each experiment.
Pain-related behavioral tests. Behavioral tests were performed using the same protocol as previously reported 24 . Briefly, 10 μ L of 300 μ M capsaicin with or without 3 mM iPr-CyH-OH diluted in saline containing 0.3% ethanol and 3% DMSO was used to subcutaneously inject the top of mouse hind paws using a 25 μ l Hamilton syringe fitted with a 30 gauge needle. Licking behavior was recorded using a digital camera (P6000, Nikon, Japan). Between 5 and 8 trials were performed for each experiment. Student's T-test and Bonferroni analyses were performed for comparisons between groups. Behavioral tests were typically analyzed with the Mann-Whitney U test. Values of p < 0.05 were accepted as statistically significant differences.
